Abstract: We present two schemes to observe strong coupling between single photons in semiconductor micro-cavities coupled by a c (2) nonlinearity, and discuss possible realistic implementations.
Introduction and Motivation
The experimental realisations of strong coupling between a single mode of an optical cavity and a single atom have made it possible to demonstrate striking predictions of cavity quantum electrodynamics (QED). Quantum information science has since provided motivation for gaining additional control of such strongly and coherently coupled systems. Here we discuss the observability of strong coupling between single photons in micro-cavities coupled by an optical nonlinearity, with an emphasis on the implementation in realistic structures.
The Schemes
We consider two schemes: the first consists of two spatially overlapping single-mode cavities or a doubly-resonant cavity at frequencies w a and w b such that w a =2 w b , coupled by a c (2) non-linearity that mediates the conversion of a photon in cavity a to two photons in cavity b and vice-versa. The second consists of three overlapping micro-cavities with frequencies w a,b,c satisfying w a = w b, + w c, with cavity c taken to be occupied by a coherent state |a> c .The effective nonlinearity in this case couples the conversion of a single photon in cavity a to a single photon in cavity b and is enhanced by the coherent state in mode c.
The dynamics of the two systems are similar. In the case of lossless cavities if the system is prepared with a single photon in cavity a, the time evolution will consist of Rabi-flopping between state |a> (single photon in cavity a) and state |b> (either two photons in cavity b or one in cavity b and one in cavity c) at twice the Rabi frequency 2 W R where W R is given by the interaction strength between the modes: where c (2) ijk (r) is the non-linear susceptibility tensor, E a,b (r) represent the spatial part of cavity modes a,b, normalised so that their maximum value is 1, V a,b represent the mode volumes and we have adopted the repeated index summation convention.
In practice, the bare cavities will leak photons at a rate that will depend on the details of the particular cavity. The possibility of observing an oscillation will depend on the ratio of the period of a Rabi oscillation to the cavity decay time. In the context of atom-cavity systems, if the oscillation is in principle observable, the system is said to be in the strong coupling regime. In the present context, adoption of such a criterion would not be as restrictive as required for it to be meaningful, since the solution is oscillatory for t b = 2 t a (t a,b correspond to the decay constant of cavities a and b), regardless of whether the Rabi period is at all comparable to the cavity decay time. We therefore suggest the following criterion for strong coupling in this system: t eff. > t R /2= 2p/ W R, where 1/t eff =1/t a +1/t b illustrated in Figure 1 . An alternative and somewhat less restrictive criterion is provided by the resolvability of the energy splitting in the cavity transmission spectrum [1] illustrated in the inset of Figure 1 . Applying the Rayleigh criterion (separation=FWHM) for the resolvability of the splitting we obtain the following `spectral' strong coupling criterion: p t eff. > t R /2. The difference between the two and three mode system is that in the three mode system it is possible to seed the third mode (c) with a coherent state which has the role of both enhancing and controlling the interaction strength between a single photon in mode a and a single photon in mode b. It is important to note that mode c need not be a high quality cavity mode. The concept of phase matching, commonly encountered in frequency-conversion problems is replaced in these systems by the need for good cavity mode overlap between the cavities.
Three Systems for the implemetation
Three systems are identified that could provide a setting for the schemes discussed above, all of which have been used recently to study strong coupling effects between photons and quantum dots: photonic crystal defect microcavities, microdiscs, and micropillars.
Photonic crystal defect micro-cavities (PCDMC):
In current state of the art PCDMCs [2] , the strong coupling regime in the three mode scheme is estimated to be within reach with an average of 10 6 photons in mode c. The strong coupling regime in the two mode scheme is 3 orders of magnitude away according to the spectral criterion. Micro-pillars: In current state of the art Micro-pillars [3] , the strong coupling regime in the three mode scheme is estimated to be within reach with an average of 10 7 photons in mode c. The strong coupling regime in the two mode scheme is 4 orders of magnitude away according to the spectral criterion. Micro-disk resonators: In current state of the art Micro-disks [4] , the strong coupling regime in the three mode scheme is estimated to be within reach with an average of 10 3 photons in mode c. The strong coupling regime in the two mode scheme is only 2 orders of magnitude away according to the spectral criterion.
Conclusions
We have discussed the observability of strong coupling between single photons in semiconductor micro-cavities coupled by an optical nonlinearity. We have shown that if the process is stimulated by a weak coherent state, the strong coupling regime is within reach of current technology. Engineering structures in which the unstimulated process could be observed appears to be a challenging goal for years to come. The observation of such a coupling would constitute a new regime for photons in quantum optical systems.
